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[57] ABSTRACT

A system for block encoding words of a digital signal
achieves a maximum of error compaction and ensures
rehability of a self-clocking decoder, while minimizing
any DC in the encoded signal. Data words of m bits are
translated into information blocks of nj bits (n; >m) that
satisfy a (d,k)-constraint in which at least d “0” bits, but
no more than k “0” bits occur between successive ““1”
bits. The information blocks are catenated by Inserting
separation blocks of nj bits therebetween, selected so
that the (d,k)-constraint is satisfied over the boundary
between any two information words. For each informa-
tion word, the separation block that will yield the low-
est net digital sum value is selected. Then, the encoded
signal is modulated as an NRZ-M signal in which a *1”
becomes a transition and a “0” becomes an absence of a
transition. A unique synchronizing block is inserted
periodically. A decoder circuit, using the synchronizing
blocks to control its timing, disregards the separation
blocks, but detects the information blocks and translates
them back into reconstituted data words of m bits. The
foregoing technique can be used to advantage in record-
ing digitized music on an optical disc.

13 Claims, 10 Drawing Figures
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1
METHOD OF CODING BINARY DATA

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a system for encoding binary
data words into a converted digital code for transmis-
sion and thereafter decoding the received digital code
Into the original binary data words. In particular, this
invention relates to a method of encoding words of
binary information into encoded information blocks
having separation blocks disposed therebetween to min-
imize the overall DC component of the transmitted
digital code. The invention is also directed to apparatus
for decoding such a coded signal, and to a record me-
dium carrying information so encoded.

2. Brief Description of the Prior Art

In digital transmission systems and in magnetic and
optical recording/playback systems, the information to
be transmitted or to be recorded is presented as a se-
quence of symbols. These symbols collectively form an
alphabet, which for binary data is a binary alphabet

consisting of the symbols “1” and ‘0™, One symbol, for

example the *“1”, can be recorded in accordance with
non-return-to-zero-mark (NRZ-M) code as a transition
between two states of magnetization in the case of 2
magnetic disc or tape, or between two states of intensity
or focus in the case of an optical disc. The other symbol,
the ““0”, 1s recorded by the absence of such a.transition.

As discussed in greater detail below, certain system
requirements in practice impose constraints on the
order in which these symbols may occur.

Some systems are required to be self-clocking. This
implies that the sequence of symbols to be transmitted
or to be recorded should have sufficient transitions so
that a clock signal, which is required for detection and
synchronization, can be generated and regulated by the
sequence of symbols alone.

A further requirement may be that certain symboi
sequences are forbidden in the information signal, as
these sequences are intended for special purposes, for
example as a synchronizing sequence. If the synchroniz-
Ing sequence is mimicked by a sequence in the informa-
tion signal, the information signal destroys the unambi-
guity of the synchronizing sequence and, consequently,
renders the synchronizing sequence unsuitable for its
intended purpose.

It may further be required that the transitions not
follow too closely after each other in order to limit
intersymbol interference.

In the case of magnetic or optical recording, the latter
requirement may also be related to the information
density on the recording medium. For example, if the
predetermined minimum distance between two consec-
utive transitions on the recording medium, and conse-
quently the minimum time interval (Tmin) correspond-
ing therewith of the signal to be recorded is imncreased,
the information density is increased substantially to the
same extent. Also, the required minimum bandwidth
(Binin) correlates to the minimum distance T nin between
transitions, i.e., Byin=1/Q2T mnin).

In addition, the DC component of the sequence of
symbols should be kept as close to zero as possible,
preferably at zero, because information channels are not
normally responsive to direct current and any DC com-
ponent of the transmitted or recorded signal is likely to
be lost.
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A method of encoding data to satisfy this requirement
1S generally discussed in D. T. Tang and L. R. Bahl,
“Block Codes for a Class of Constrained Noiseless
Channels”, Information and Control vol. 17, nr. 5, De-
cember 1970, pp. 436-461. Therein are discussed block
codes based on so-called (d,k)-constrained g-nary
blocks of symbols arranged to satisfy a d-constraint and
a k-constraint:

(2) d-constraint—two “1”-type symbols are separated
by a run of at least d consecutive symbols of the “0”
type; and

(b) k-constraint—the maximum length of a run of
consecutive symbols of the “0” type is k.

For example, if a stream of binary data is considered
as consecutive sequential blocks (or words) each having
m data bits, the words can be encoded into correspond-

~ing code blocks of n information bits, where n>m.
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Since n>m, the number of possible code blocks (2") far
exceeds the number of different data words (2'1), and
only those code blocks need be used which satisfy the
d-constraint and the k-constraint. In other words, if the
d- and k-constraints are imposed on the code blocks of
n information bits to be transmitted or recorded, the 2m
different words map onto a corresponding 2 blocks of
Information bits out of a total possible number of 2” such
blocks. Thus, the mapping of data words into code
blocks is carried out so that only those code blocks are
used that satisfy the k-constraint and d-constraint.

Table I of Tang and Bahl shows how the number of
different code blocks of information bits depends on the
length of the block (n) and the requirement imposed on
d. For example, if there are eight code blocks of infor-
mation bits having a length n=4 and minimum distance
d=1, and the data words to be encoded have a length
m= 3, then all the eight (=23) data words can be repre-
sented by the respective eight code blocks of n=4 infor-
mation bits. In these blocks, two consecutive “17-type
symbols in the blocks of information bits are separated
by at least one “0”-type symbol. For this example, the
coding is as follows (<), where the double-headed
arrow Indicates mapping of one word onto the corre-
sponding code block and vice versa:

000——0000

001+——0001

010——0010

011<——0100

100«—0101

101«——1000

110—1001

111«<——1010

When linking-up, or catenating consecutive code
blocks of information bits, it is in some cases not pOssi-
ble to satisfy the d-constraint without taking further

measures. In Tang and Bahl, it is proposed to include
separation bits between the blocks of information bits.
In order to satisfy the d-constraint, one block of separa-
tion bits comprising d-bits of the “0”-type 1s sufficient.

In the above-mentioned example, where d=1, one sepa-

ration bit (a single “0”) is therefore sufficient. Each
three-bit data word is then encoded into a code block of
five (44 1) channel bits.

This coding method has the disadvantage that the
contribution of the low frequencies (including DC) to
the frequency spectrum of the stream of channel bits
can be rather high. A further disadvantage is that the
construction of the coding converters, i.e., the modula-
tor and demodulator and in particular, the demodulator,
becomes rather complex.
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In A. M. Patel, “Charge-constrained Byle-oriented
{0,3) Code”, LB.M. Technical Disclosure Bulletin, Vol.
19, Nr. 7, Dec. 1976, pp. 2715-2717, it has been pro-

posed to limit the direct-current imbalance of (d,k)-con-

strained codes by linking the code blocks of channel bits
by using a so-called inverting link or a so-called non-

inverting link, as appropriate. By use of these links, the
contributions of a particular code block to the DC im-
balance occur so as to offset the DC imbalance of any
preceding code blocks, to keep the net DC imbalance at
a minimum. However, if this technique 1s applied to a
(d,k)-constrained coding scheme, care must be taken so
that the inverting and/or non-inverting links satisfy,
rather than conflict with, the d-constraint and the k-
constraint when the code blocks are catenated to form
a code sequence that also has a minimum DC imbalance.
In other words, blocks of separation bits should be
~selected to satisfy the d- and k-constraints, as aforesaid,
and also to reduce the net DC imbalance.

OBJECTS AND SUMMARY OF THE
INVENTION

It is an object of the invention to provide a coding
scheme for binary data which will produce a code satis-
fying the above (d,k)-constraints and while keeping the
net DC imbalance at a minimum.

It 1s a more specific object of this invention to provide
‘a coding scheme suitable for use in the recording and
playback of digitized audio information.

It 1s another object of this invention to provide a
coding scheme which provides a coded digital signal
having improved bandwidth characteristics because
low-frequency portions of the signal spectrum are kept
small.

It 1s yet another object of this invention to provide a
coded digital signal wherein the minimum distance
Tmin between consecutive transistions is small, so that
the minimum bandwidth B,,;, (=1/2T,,;,) for the digi-
tal signal 1s also kept small.

It 1s a further object of this invention to provide a
coding scheme in which the bit packing density is maxi-
mized without sacrifice of reliability, and which pro-
vides a code decodeable in a self-clocking decoder.

According to one aspect of this invention, a method
of encoding data for transmission is provided, wherein
the original data are considered as words of m bits. The
data are converted into channel blocks formed of infor-
mation bits of nj serial bits followed by respective sepa-
ration blocks of a predetermined number of bits, where
n;>m, and in a stream formed of a sequence of such
channel blocks, a d-constraint and a k-constraint are
satisfied, wherein consecutive bits of one type charac-
terized by a transition are separated by at least d bits of
another type characterized by an absence of a transition,
while no more than a maximum of k bits of the other
type occur between successive bits of the one type. In
the method of this invention, the words of m bits are
received and converted, or mapped into corresponding
information blocks of n; bits. Next, a set of possible
separation blocks for use between successive informa-
tion blocks is generated so that the information and
separation blocks together satisfy the d-constraint and
the k-constraint. A superblock is then initially formed
- which includes a plurality of the successive information
blocks catenated with respective possible separation
blocks. The total DC imbalance of the initially formed
superblock 1s determined and those possible separation
blocks which yield a superblock having the least total
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DC imbalance are selected. A subsequent superblock is
then formed from the initially formed superblock, but
excluding therefrom the first information and separa-

tion blocks thereof, and from the next successive infor-
mation block and another of the possible separation
blocks. The total DC imbalance for the subsequent

superblock 1s determined. Thereafter, possible separa-
tion blocks yielding the least total DC imbalance of the
subsequent superblock are selected. Finally, the steps of
forming a subsequent superblock, determining the DC
imbalance thereof and selecting the separation blocks
thereof yielding the least total DC imbalance for the
successive information blocks and associated separation
blocks are iterated. Preferably, synchronizing sequen-
ces are provided periodically in the stream of coded.
blocks, each formed of two synchronizing blocks which
also satisfy the (d,k)-constraints, but which are readily
distinguishable from any sequence of bits in the channel
blocks.

According to another aspect of this invention, a de-
modulator i1s provided for converting the encoded sig-
nal back to data words of m bits, comprising a detector
for detecting the synchronizing sequences, a separating
circuit for processing the channel blocks and separating
the information blocks from the separation blocks, and
timing circuitry for controlling the timing of the sepa-
rating circuit in response to the detection of the syn-
chronizing sequence. Then, the separated information
blocks are furnished to a converter to be converted
therein into the data words of m bits.

According to yet another aspect of this invention,
there 1s provided a record medium, such as an optical
disc on which a digitized music signal is recorded. In-
formation structure is recorded thereon comprising a
sequence of channel bit cells within which a transition
represents a binary digit of one sense and the absence of
a transition represents a binary digit of another comple-
mentary sense. The distance between any two succes-
sive transitions is no greater than a maximum length of
(k+1) bit cells, while being no less than a minimum
length of (d+41) bit cells. Synchronizing blocks are
included at regular intervals on the information struc-
ture, each formed of not more than three transitions,
consecutive ones of which are separated by a predeter-
mined number of not more than (k+ 1) bit cells, prefera-
bly equal to (k+ 1) bit cells.

In an embodiment of this invention, by way of exam-
ple, the data words have a length of eight bits, each
block has a length n| of fourteen information bits, and
the separation blocks are formed of three bits. Alterna-
tively, three out of four separation blocks can have a
length of two bits, and the fourth can have a length of
S1X bits.

Accordingly, as only 256 words are to be mapped
into 16,384 possible information blocks, the (d,k)-con-
straints can be easily satisfied. Further, catenation of
channel blocks formed of the information blocks and
the associated separation blocks is achieved while satis-
tying the (d,k)-constraints and keeping the net DC im-
balance at a minimum. |

These and other objects, features, and advantages of
this invention will become more fully apparent from the
ensuing description of preferred embodiments of this

invention, when considered with the accompanying

drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are charts showing illustrative bit
sequences for explaining an embodiment of the coding
format according to this invention. 5

FIGS. 2A and 2B illustrate further bit sequences
according to embodiments of the channel coding
scheme of this invention, in which direct current imbal-
ance 1s reduced:;

F1G. 3 is a flow chart explaining an embodiment of 10
the method according to this invention:

F1G. 4 illustrates a sequence of synchronizing bits for
use in the method according to one embodiment of this
Invention:

FIG. 5A shows an embodiment of a decoder in accor- 15
dance with this invention for decoding the data bits
which were coded in accordance with the method
hereof:

FIG. 5B is a logic table explaining the operation of
the demodulator of this embodiment;

FIG. 6 shows a portion of the decoder provided for
detecting a sequence of synchronizing bits; and
- FIG. 7 shows a frame-—format of information struc-

ture of an encoded signal according to this invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

With reference to the drawings, FIGS. 1A and 1B
Hlustrate the general scheme of this invention for encod-
Ing words of binary data (FIG. 1A) into a sequence of 30
channel words of binary bits (FIG. 1B). As shown in
FIG. 1, the original data are considered as a sequence of
eight-bit serial words BD;_;, BD;, etc. As shown in
FIG. 1B, for each data word BD; there is generated a
corresponding coded channel block BC; formed of a 35
fourteen-bit information block BI; followed by a three-
bit separation block BS;. In this example, the eight-bit
data word BD; of the form (10011011) is transformed
mto the information block BI: having the form
(10000100100001). A three-bit separation block BS; 1s
included, as aforesaid, to ensure that the (d,k)-con-
straints are not violated, and also is selected such that
the DC imbalance of the resulting encoded signal is
minimized.

Also, as aforesaid, the “1” data symbols in the coded
channel blocks BC;correspond to a transition occurrin g
at the onset of a bit cell, while the “0” symbols corre-
spond to the absence of such a transition. Consequently,
a waveform WF, as shown in FIG. 1B, is provided to be
transmitted or to be recorded on a magnetic or optical
medium. Each bit cell has an interval duration T.

In general, the data words BD; consist of m data bits
and each such word BD;corresponds to one of 2/ pOSSi-
ble bit sequences. Also, in general, if a small d-con-

straint and a small k-constraint are to be satisfied by an
“encoded signal, the bit length n; of the information
blocks BI; must be selected large enough so that there
are at least 2/ possible combinations of “1” and “0”
symbols which will satisfy the (d,k)-constraints Conse-
quently, the information blocks BI; have a bit length of 60
ny bits of sufficient size so that there are at least 2
satisfactory combinations of bits which can be utilized
for coding. In this example, where m=28 and n) =14,
only 256 words need to be selected from a total of more
than 16,000 possible information blocks BI;, and the 256
possible 8-bit data words BD; can be mapped, one-to-
one, mto a corresponding set of 256 information blocks
Bl; satisfying the (d,k)-constraints.
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As aforesaid, the (d,k)-constraints require that be-
tween two consecutive bits of the “1” type, which cor-
respond to a transition, at least d consecutive informa-
tion bits of the “0” type which correspond to the ab-
sence of a transition, must occur. Also, two consecutive
bits of the ““1”* type are to be separated by not more than
a maximum of k bits of the “0” type. It can be shown
mathematically that for ny=14, d=2, and k=10, there
are 277 possible combinations of bits which will satisfy
the (d,k)-constraints. Thus, when encoding words of
eight data bits, of which they are 28=256 combinations,
the d-constraint and k-constraint can be readily satisfied
by using blocks of 14 bits.

The catenation, or inking together, of successive
blocks BI; of information bits is not possible without
further measures. This is true because the (d,k)-con-
straints must be satisfied, not only witin any particular
iInformation block BI;, but also over the boundary con-
necting two such blocks Bl;. To this end, separation
blocks BS;, each consisting of at least one bit, can be
included between two successive information blocks
Bl;. It can be easily seen that if a sequence of at least d
separation bits of the “0” type is used between succes-
sive imnformation blocks BI; then the d-constraint is
satisfied. Furthermore, to ensure that the k-constraint is
satisfied over the boundary between successive infor-
mation blocks BI;, the separation block BS; can include
at least one bit of the “1” type in those instances
wherein the bit distance between the last “1” of one
information block BI; and the first “1” of the next suc-
cessive information block BI;.; would otherwise ex-
ceed the maximum value k.

In general, the blocks BS; of separation bits include
m bits, so that a channel block BC; consists of ni<4n
bits. In the example illustrated in FIG. 1B, n,=3.

The above example, wherein m=38, ni=14, and
ny=3 will be used throughout the remainder of the
description, unless otherwise indicated. ‘

As mentioned previously, the purpose of the d-con-
straint 1S to ensure that the transitions (corresponding to
“17" bits) do not follow too closely upon one another.
Appropriate selection of the value d will lead to
achievement of an optimum information packing den-
sity. Also, the selection of k at a value which is not too

large, in this example, at k=10, permits the encoded
signal to be self clocking. This is, if the k-constraint is
observed, the timing of the transition of the waveform
WEF can be used to control the synchronization of a -
local clock in the decoder. |

Generally, it is arbitrary which of the 277 satisfactory
information blocks BI; will correspond to the respective
256 possible data words BD;, the principal consider-
ation being that the encoded signal must be unambigu-
ous.

In addition to ensuring that the (d,k)-constraints are
satisfied, the separation blocks BS;should be selected so
that they will act to minimize any direct current imbal-
ance. It should be recognized that for some catenations
of information blocks BI;, a unique format for the sepa-
ration block BS; is necessary to satisfy the (d,k)-con-
straints, but for the large majority of such catenations,
there are several formats of the separation blocks BS;
which can be used. The number of alternative separa-
tion blocks BS; which can be used in a catenation of
successive information blocks BI; and BI; .1 is referred
to as the “degree of freedom™ of the separation block
BS;. This degree of freedom can be used to advantage in
minimizing the DC imbalance.
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The existence of the DC imbalance can be under-
stood by consideration of the waveform WF represent-
ing the encoded signal. The information blocks BI; as
shown in FIG. 1B are transmitted or are recorded on a
recording medium, for example in the form of a non- 5
return-to-zero-mark (NRZ-M) format. As aforesaid,
with this format a “1” is represented by a transition at
the beginning of the relevant bit cell, while a “0” ap-
pears as the absence of such a transiiion. The bit se-
quence of the catenation of information block BI; and
separation block BS; has the form of the illustrated
waveform WPF, and it is this waveform WF which is
transmitted or recorded. The waveform WF will have a
direct current imbalance to the extent that the positive
portions (1.e., those portions following an upward tran-
sition) exceed the corresponding negative portions (1.e.,
those portions following a downward transition). If, for
example, the levels of the waveform WF are at values of
+1 and —1, the imbalance 1s then Just equal to the
running integral of the waveform WF.

The measure commonly used for the DC imbalance i1s
the digital sum value (DSV). In the example of FIG. 1B,
the DSV is + 6T, where as aforesaid, T 1s the length of
one bit interval. |

‘When such sequences are repeated, the DC imbal- 25
ance will increase. Generally, the DC imbalance will
result in a base line movement, and will reduce the
effective signal-to-noise ratio. Consequently, the reli-
ability of the detection. of the recorded signals is im-
paired.

Accordingly, the separation blocks BS; are selected
so as to minimize the DC imbalance. This 1s achieved
generally according to the following scheme. A partic-
ular word BD; of data bits is supplied, and such word
BD; 1s converted into a block of information bits BI;.
This can be done by means of a table stored in a ROM,
or can also be achieved by processing the data word
BD;through a battery of logic gates. Thereafter, a set of
possible channel blocks BC;of (n| -+ n») bits is generated,
each such channel block consisting of the information
block Bl;and one of the possible separation blocks BS;.
In general, there are 271 possible combinations of *““1”
and *‘0” which can be used for the separation block BS..
However, in this case, where a d-constraint (d =2) must
be satisfied, and n1=3, only four possible separation
blocks need be considered (000, 001, 010, 100). Conse-
quently, in this example, four different channel blocks
BC;are considered. Then, for each of the possible chan-
nel blocks. it 1s determined whether the channel block
In catenation with the next adjacent channel block will
satisfy the d-constraint and the k-constraint. Thereafter,
the DSV for the channel block BC; ts calculated.

For those channel blocks BC; which satisfy the (d,k)-
constraints, that block BC, is selected which will serve
to reduce the cumulative DSV. In principle, it is possi-
ble to select that channel BC; whose DSV is closest to
zero. However, 1t 1s preferred that that channel block
BC;be selected for which the accumulated DSV of that
block BC; with any preceding channel block BC; will
cause the absolute value of the accumulated DSV to
decrease. Then, the selected channel block BC;is trans-
mitted or recorded.

It should be appreciated that in the method of this
invention, the separation bits, which are already in-
cluded for other purposes, can now also be used rather 65
straightforwardly for limiting or reducing the DC im-
balance. Because the method of this invention does not
intervene in the transmitted signal, but effects changes
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only in the separation block BS; without extending into
the information blocks Bl this method imposes no
additional burden on decoding apparatus for recetving
the transmitted signal or for playing back the recorded
signal. In other words, the demodulation of the played
back recorded signal (or the recetved transmitted sig-
nal) only relates to the bits in the information block Bl
and any data patterns occurring in the separation blocks
BS; can be disregarded during decoding or demodula-
tiomn.

FIGS. 2A and 2B illustrate variations of the signal
encoded according to this invention. |

FIG. 2A shows, schematically, sequences of channel
blocks BC;_1, BC;, BC;, . .. These blocks are each
formed of an information block and a respective separa-
tion block BS;_2, BS;_1, BS;, or BS,, (. Each informa-
tion block consists of a predetermined number n; of
information bits, and each separation block BS; consists
of a predetermined number n> of separation bits. Thus,
each channel block consists of (n;+4n») bits.

In the encoded signal as illustrated in FIG. 2A, the
DC imbalance is determined across several blocks, for
example, across a superblock SBC; formed of two suc-
cessive channel blocks BC; and BC;.. 1. The DC imbal-
ance 1s determined in a manner similar to that described
for the embodiment of FIG. 1, except that the possible
channel blocks BC;, BC;.1 for each superblock SBC;
are all considered in combination with one another to
determine which possible separation blocks BS; and
BS; 1.1, each of n; separation bits are to be used. That
combination which minimized the DC imbalance is then
selected. This variation has the advantage that the re-
maining DC 1mbalance has a rather uniform character,
as the separation block BS; and BS;, are determined

jointly.

An advantageous variant of this method has the dis-
tinctive feature that the superblock SBC; (FIG. 2A) is
shifted one channel block only after the DC imbalance
has been minimized. This means that each block BC,
which is part of the superblock SBC;, is processed and
that the subsequent superblock SBC;,; (not shown)
contains the blocks BC;+ | and BC;4 2 (not shown) for
which the above-described DC-imbalance-minimizing
operation 1s performed. Thus the block BC;. | forms a
part of both the superblocks SBC;and SBC;_ ;. It 1s then
possible that the mnitial choice for the separation block
SB; .. differs from the ultimate choice thereof as made
in the superblock SBC;,.1. As each separation block is
assessed several times (twice in this example), the DC
imbalance can be reduced considerably, and the signal-
to-noise ratio can be improved markedly.

FIG. 2B shows a further variation in which the DC
imbalances determined for a superblock SBC;, which, as
shown in FIG. 2B, includes four channel blocks BCAD),
BC{2), BC{3), and BC/%. Each of these channel blocks
includes an information block of ny information bits as
well as a separation block of a predetermined number of
bits. However, the number of separation bits in the
respective separation blocks BSA!), BS{2), BS{), and
BS/% is not the same for each channel block. In this
example, the channel blocks BCAD through BC#) have
two bits while the separation block BS#% associated
with the final channel block BC/*¥ has six bits. The DC
imbalance is determined in a manner similar to that
described above for the version of FIG. 2A.

In addition to the advantages already mentioned,
which advantages also apply here, the version of FIG.
2B, which includes one relatively long block of separa-
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tion bits, increases the number of degrees of freedom
available within the final separation block BS/4), and
thereby increases the power of this method for reducing
DC mmbalance. More specifically, any remaining DC
imbalance in a sequence of channel blocks each of 5
which has an equally-long separation block (for exam-
ple, of 3 bits) will be larger than the remaining DC
imbalance for a sequence of channel blocks whose in-
corporated separation blocks have the same average
lengths (here 3 bits), but are divided into different re-
spective bit lengths (i.e., 2 bits, 2 bits, 2 bits, and 6 bits).

It should be apparent that the aboye-described se-
quences of functions and the associated steps of the
method so described can be readily carried out by
means of universally-available sequential logic circuits,
for example, commercially available MiCroprocessors
with associated ROM’s, RAM’s, and peripheral cir-
cuitry.

FIG. 3 is a flow chart illustrating the general se-
quence of operations used in carrying out the method of 20
this invention, for example, in a microprocessor.

In step (1), i.e., at the onset of the coding process, the
accumulated digital sum value DSV, associated with
any preceding blocks of channel bits in the stream of
- coded signals, is initialized at a zero value. Also, an 25
index number i associated with the data word BD;being
processed 1s set at zero.

Then, in step (2), the ith word of m data bits (which
had previously been stored in a RAM) is retrieved from
1ts respective storage location.

In step (3) the word BD; is converted, for example,
using a block encoding system, into an information
block BI; consisting of n bits. This can be achieved by
means of a stored table system, or, possibly, by means of
a logic routine. In the simplest form, 27 discrete values 35
are stored In respective addresses in a ROM and are

called out by using the 27 bit words as address loca-
tions.

In step (4) a parameter j is initialized at a zero value.
This parameter j is an index for identifying each of Q
discrete channel blocks consisting of the information
block Bl; and an associated separation block BS,. As
atorementioned, because some possible permutations
are forbidden, in this example, whose n=3 and d=2, Q
1S limited to four.

In step (5) the parameter j is incremented by one.

In step (6), which is a decision step, the value of ] 18
compared with Q. In other words, in step (6) it is deter-
mined whether there are any remaining possible chan-
nel blocks which have not been considered. If 1=0Q, the
routine proceeds along the branch Y, but, if j>Q, the
routine proceeds along the branch N.

If 1t 1s determined that j=Q, the routine proceeds to
step (7) and a jth possible channel block BC;is formed
by catenating a separation block BS/ with the informa-
tion block BI..

Then, 1n step (8) the digital sum value DSV/ for the
Jth channel block BCij, is calculated. |

In step (9), which is a decision block, it is determined
whether the block BC/. when catenated with any previ-
ous channel blocks, satisfies the k-constraint. If the
k-constraint is satisfied, the routine proceeds to step
(10), but otherwise proceeds to step (11).

In step (10), which is a decision step, the block BC/,
together with any previous blocks, is considered and it
is determined whether the d-constraint is satisfied. If the
d-constraint is satisfied, the routine proceeds to step
(12), but otherwise, proceeds to step (11).
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In step (11), which is reached only if the (d,k)-con-

straints are unsatisfied, the digital sum value DSV’ for
the channel block BC/ is changed to an extreme value.
This ensures that the associated channel block BC/ will
not later be selected.

Then, in block (12) the digital sum value DSV’ is
added to the accumulated digital sum value DSV 4.
(which is intially zero) to represent the DC imbalance
for any previous channel blocks BC,. The results of this
calculation are stored in a memory location associated
with the jth channel block BC/. Thereafter, the routine
returns to step (5) where the value of parameter j is
incremented.

After this, steps (6) through (12) are iterated for each
possible separation block BS/ until the parameter j
reaches a value j=Q+ 1, whereupon the routine pro-
ceeds to step (13).

In step (13), it is determined which channel block
BC/ results in the minimum accumulated digital sum
value DSV, so that the total DC imbalance can be
made as small as possible.

Following this, in step (14) the channel block BC;
yielding the lowest digital sum value DSV 4. is selected.

Then, in step (15), the accumulated digital sum value
DSV, 1s stored.

In step (16), the index i is incremented by one

(1=1+1), and the routine returns to step (2), where the

next data word BD;, is selected and the process is
iterated.

While the flow chart of FIG. 3 is readily applicable to
the coding scheme illustrated in FIGS. 1A and 1B, it
should be apparent that the method of this invention
could be modified for encoding according to the varia-
tions of FIGS. 2A and 2B, by considering the differ-
ences already mentioned above.

In order for a decoder to readily distinguish the infor-
mation blocks BI; (which it must decode accurately)
from the separation blocks BS; (which the decoder can
disregard) it is preferred to include in the stream of
channel bits a unique sequence of synchronizing bits, so
that the timing of a decoder can be accurately con-
trolled. A block of synchronizing bits can, for example,
be inserted at regular intervals of a predetermined num-
ber p of channel blocks BC;. Then, by the detection of
the block of synchronizing bits, it can be unambiguously
determined which bit position corresponds to the begin-
ning of an information block BI; and which bit position
corresponds to the beginning of a separation block BS;.
However, in providing such a block of synchronizing
bits, care must be taken to ensure that the synchroniza-
tion block is truly unique, and is not imitated or mim-
icked by any bit sequences within the information and
separation blocks BI;and BS;. For this purpose, a unique
block of synchronizing bits must be chosen.

However, the synchronizing block should also satisfy
the (d,k)-constraints, so as to achieve optimum informa-

tion density and not to adversely affect the self-clocking

properties of the signal. Consequently, the choice of
possible bit sequences which will both be unambiguous
and will also satisfy the (d,k)-constraints, is quite lim-
ited.

In order to provide a satisfactory block of synchro-
nizing bits, it is proposed to use a sequence of bits which
occurs at least two times in succession and includes a
sequence of s *“0” type bits between two consecutive
“1” type bits. Preferably, the number s is set equal to k.

FIG. 4 illustrates a synchronizing block SYN of Syn-
chronizing bits. This block includes two successive
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sequences SYNP 1 and SYNP; of a ““1” bit followed by
ten “0” bits (10000000000). This sequence may also be
presented in the channel bit stream, namely for sequen-
ces occurring where k is set to ten. However, in order
to prevent the sequences (10000000000) from occurring
two times 1n succession other than in the synchronizing
block SYN, the step (11) of the routine shown in FIG.
3 can include a subroutine for setting the digital sum
value DSV/ to an extreme value if the separation block
BS’ would result in a *“1” bit being interposed between
a “1” bit in a preceding information block Bl;and a *“1”
bit in a following information block BI;, |, while being
separated by exactly k *“0”" bits from both such *“1” bits.

An alternative way of preventing imitation would be
the use of two successive sequences of a *“1” bit fol-
lowed by eleven “0” bits (100000000000), which vio-
lates the k-constraint only by a minimum amount.

In addition, as shown in FIG. 4, the synchronization
block SYN also includes a synchronization separation
block SYNS formed of a plurality of separation bits.
The function of the block SYNS of separation bits is the
same as that of the separation blocks BS;in the channel
blocks, namely, to satisfy the (d,k)-constraints and to
limit the DC imbalance.

It should be noted that the measures which are taken
to prevent the synchronizing pattern from being imi-
tated in the sequence of channel blocks BC; also pre-
vents the synchronizing sequence SYNP; from occur-
ring immediately following the separation block SYNS.

It should be remarked that although the encoding
method of this invention may seem complex, the system
for decoding the signal is relatively simple, as the syn-
chronizing sequences SYNP; and SYNP; and the infor-
mation blocks BI; only need be considered, while the
separation blocks SYNS and SB; can be disregarded in
the decoder. This is true because the method of limiting
the DC imbalance is carried out without affecting the
information blocks BI; and because any information
carried in the separation blocks BS;is of no significance
during a decoding process. Indeed, the complexity of
the decoder is dictated predominantly by the fact that
the 256 information blocks BI; of ny bits must be trans-
formed back to the corresponding data words of m bits.

3

10

15

20

23

30

35

40

In magnetic recording and playback systems, the

complexity of the encoding apparatus and of the decod-
Ing apparatus are of about equal significance, since, in
general, both apparatus are present in a recording sys-
tem. However, 1n the case of an optical disc, consumer
equipment is constructed for playback, or “read-only”
operation, and need only include signal decoding appa-
ratus. Thus, in the case of an optical disc system, a great
deal of simplicity can be achieved in consumer equip-
ment at a relatively insignificant increase in complexity
~ of studio or factory equipment.

FIGS. SA and 5B show an embodiment of a demodu-
lator or decoder for transforming the information
blocks BI; of fourteen information bits into data words
BD; of eight data bits. FIG. 5A shows a schematic dia-
gram of the logic circuitry of the decoder, while FIG.
SB 1s a chart showing the logic input and output con-
nections of the circuitry of FIG. 5A.

As shown in these views, this embodiment of the
demodulator includes a battery of AND gates 17-0 to
17-31, each having one or more inputs. One or more of
the tourteen bits of the information blocks BI;is applied
to a respective input of each such AND gate 17-0 to
17-51. The inputs thereof are inverting or non-inverting
as appropriate as shown in columns C; of FIG. 5B.
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Outputs of the AND gates 17-0 to 17-31 are followed
by a battery of OR gates 18-1 to 18-8, each of the latter
having a plurality of inputs. The output of each of the
AND gates 17-0 to 17-49 are coupled to one or more
inputs of the OR gates 18-1 to 18-8. The specific con-
nection or the AND gates 17-0 to 17-49 to the OR gates
18-1 to 18-8 1s indicated by the letter A in the columns
A;of FIG. 5B. An AND gate 19 is provided following
the OR gate 18-4, and has one input connected thereto,
and also has inputs connected respectively to an in-
verted output of each of the AND gates 17-50 and
17-51. The outputs of the OR gates 18-1 to 18-3, of the
AND gate 19, and of the OR gates 18-3 to 18-8 respec-
tively provide bit signal outputs 20-1 to 20-8. Thus, a
decoded eight-bit parallel word is provided at the bit
signal outputs 20-1 to 20-8, with the output 20-1 provid-
ing the most significant bit.

Alternatively, an equivalent demodulator may be
provided in the form of a so-called field programmable
logic array (FPLA). One example of such an FPLA is
the Signetics bipolar FPLA type 82S100/82S101. In
this case, the table of FIG. 5B provides the program-
ming table for such an array.

The demodulator of FIG. SA, is, because of 1ts sim-
plicity, eminently suitable for a playback-only optical
recording system, for example, of the type used in a
home entertainment system for use in playing digitized
MUSIC. .

FIG. 6 shows an arrangement for providing the four-
teen bits C1-Cjq4 of the information block BI; from the
received or picked-up digital signal.

The transmitted or picked-up recorded signal is ap-
plied to an input terminal 21. The signal, which is in the
NRZ-M format, is applied directly to a first input of an
exclusive-OR gates 22 and also, through a delay line 23,
which has a delay time T of one bit cell, to a second
input of the exclusive-OR gate 22. A so-called NRZ-I
format signal 1s then provided at the output of the exclu-
sive-OR gate 22 and from there to an input of a shift
register 24.

The shift register 24 comprises a plurality of serial
sections, each having an output tap. The number of the
sections of the register 24 is selected to be equal to the
number of bits contained in the two synchronizing se-
quences SYNP; and SYNP,. In this embodiment as
described above, the shift register must have 23 sections
In order to contain the sequence
10600000000100000000001. Each of the taps of the reg-
ister 23 1s connected to a respective input of an AND
gate 25, and such inputs are non-inverting for the first,
eleventh, and twenty-third taps, but inverting for the
remaining taps.

When the synchronizing sequence SYN is present at
the inputs of AND-gate 25, a signal will be generated at
an output 26 thereof, which signal is used as an indica-
tion of the detection of the synchronizing sequence
SYN. The signal provided at the terminal 26 then con-
trols the timing of the decoder so that the nj bits of the
information blocks Bl;can be readily separated from the
ny bits of the separation blocks BS;. In this embodiment,
when a synchronizing sequence SYN is detected, a
puise 1s provided from the terminal 26 to an input of-a
timing circuit 27 to control its operation. The decoder
also includes a shift register 28 and an associated latch
ctrcuit 29 for providing the fourteen information bits
Ci-Ci4 of the information blocks BI;.

The NRZ-I signal is provided from the exclusive OR
gate 22 to an input of the shift register 28, and a timing
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signal is provided from the timing circuit to a clear
terminal of the shift register 28, and is also provided to
a control terminal of the latch circuit 29. The bits of the
channel blocks BC; are shifted, one by one, in the shift
register 28. Then, when the 14 bits of the information
block BI; are contained therein, the latch circuit 29 is
operated. Then, the fourteen bits C;-C)4 are provided

from outputs of the latch circuit 29 to respective INputs
of the AND gates 17-0 to 17-51 of FIG. 5A.

If this coded signal is, for example, recorded as a
stream of pits and spaces on an optical disc, the signal
has the waveform WF of FIG. 1B. Such a signal occurs
on the optical disc as a helical information structure.
Generally, the information structure includes a se-
quence of superblocks SB, for example, as shown in the
chart of FIG. 7. Therein, a superblock SB; comprises a
synchronizing block SYN; of synchronizing bits, of the
type shown in detail in FIG. 4. This synchronizing
block SYN; is followed by a plurality (i.e., 33 in this
embodiment) of channel blocks BC1-BC31, each having
(n;+n>) bits,

A channel bit of the “1” type is represented by a
transition on the recording medium. For example, a *“1”
bit can be represented by the boundary between a pit
and a space. A channel bit of the “0” type is represented
on the recording medium by the absence of any transi-
f1on.

The helical information track is divided into elemen-
tary cells, or bit cells. On the recording medium, these
bit cells form a spatial structure, and each thereof corre-
sponds t0 a minimum timewise subdivision, i.e., the
period of time corresponding to a single bit, in the
stream of channel bits.

Independent of the content of the information con-
tained in a recording medium, such as an optical disc, a
number of structural details can be readily distinguished
by observation of the medium. For example, because
the k-constraint is satisfied, the maximum distance be-

tween any two consecutive transitions is k-4~ 1 bit cells.

In other words, in an optical disc, the longest pit has a
length of k-1 bit cells, and the longest space between
two successive pits will also have a length of k4-1 bit
cells. Similarly, because the d-constraint is satisfied, the
minimum distance between any two consecutive transi-
tions 1s d+ 1. In other words, the shortest pit will have
the length of d4-1 bit cells and the smallest space be-
tween pits will also have a length of d--1 bit cells.

Furthermore, at regular intervals there are provided
a pit of the maximum length and an immediately adja-
cent space also of the maximum length. This structure
15, of course, the main feature of the synchronizing
sequence SYN.

In the preferred embodiment, the parameters k, d, ns,
n; are selected to be 10, 2, 14, and 3, respectively. Thus,
a superblock SB;spans a total of 588 bit cells. The super-
block SB; includes a synchronization block of 27 bit
cells, and 33 channel blocks, each comprising 17 bit
cells so that the information structure includes frames of
561 bit cells separated by the synchronizing blocks of 27
bit cells. |

A modulator, a tranmission channel (such as an opti-
cal record disc), and a demodulator may together com-
prise a part of a system for the conversion of analog
audio information (e.g., music or speech) into digital
information to be recorded or stored. Then, the re-
corded information, or a replica of it, can be played
back as analog information, on an arrangement suitable
for the type of recorded information.
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The conversion circuit can favorable comprise an
analog-to-digital converter for converting the analog
signal (i.e., musch or speech) into a digital signal of a
predetermined format. In addition, the conversation
circuit can include an error-correcting encoder. In a
corresponding playback conversion circuit, digital er-
rors, especially of the type which occur during reading
of the playback information, are easily corrected. Suit-
able arrangements for such error-correction encoding
and decoding are disclosed, for example, in patent appli-
cation Ser. No. 06/265,465, filed May 20, 1981 (now
abandoned), and having a common assignee herewith.

The digital, error-protected signal is thereafter ap-
plied to encoding system of this invention for conver-
sion to a digital signal adapted for recording and play-
back. The synchronization pattern is inserted and the
signal is placed into a suitable frame format. Then, the
signal is used to generate a suitable signal (i.e., an NRZ-
format signal) to control a laser, and the signal is re-

corded by the laser onto a rotating photo sensitive disc
as a sequence of pits and spaces.

The recording medium or a replica thereof can be
played on optical playback apparatus to derive the
NRZ-M signal, and the information data are derived
from such signal. For this purpose, the playback ar-
rangement includes a decoder, as described in detail
herein, an error correction decoder, and a digital-to-
analog converter for reconstituting a replica of the
original analog signal.

Having described specific preferred embodiments of
this invention with reference to the accompanying
drawings, it is to be understood that the invention is not
Iimited to those precise embodiments, and various
changes and modifications may be effected therein by
one skilled in the art without departing from the scope
or spirit of this invention as defined in the appended
claims.

What is claimed is:

1. A method of encoding a binary digital signal, com-
prised of words of m bits, into a sequence of channel
blocks each formed of an information block of n serial
bits followed by a separation block of a predetermined
number of bits, where nj is greater than m, wherein, in
a stream of such channel blocks, a d-constraint is satis-
fied such that consecutive bits of one type characterized
by a transition are separated by at least d bits of another
type characterized by an absence of a transition, and a
k-constraint is satisfied such that no more than a maxi-
mum of k bits of the other type occur between succes-
sive bits of the one type, comprising the steps of:

receiving each word of m bits;

converting each such word into a corresponding

information block of n; bits;

generating a set of possible separation blocks for use

between successive information blocks so that said
information and separation blocks together satisfy
said d-constraint and said k-constraint:
initially forming a superblock of a plurality of succes-
sive information blocks catenated with respective
possible separation blocks, said superblock having
a first information block therein:

determining the total DC imbalance for such mitially
formed superblock of said plurality of successive
mmformation words catenated with said respective
possible separation blocks;

selecting for said initially formed superblock those

possible separation blocks yielding the least total
DC imbalance: |
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forming a subsequent superblock from said initially

formed superblock, but excluding therefrom the
- first information block and separation block
thereof, and from the next successive information
block and another of said possible separation
blocks: |

determining the total DC imablance for such subse-
quent superblock;

selecting those possible separation blocks yielding the

least total imbalance for said subsequent super-
block; and

iterating the steps of forming a subsequent super-

block, determining the DC imalance thereof and

selecting the separation blocks therefor yielding
the least total DC imbalance for the successive
information blocks and associated separation
blocks.

2. A method of encoding a binary digital signal ac-
cording to claim 1, wherein said step of catenating is
followed by

checking whether the bits in the respective separation

blocks satisfy both said k-constraint and said d-con-
straint both with respect to its associated informa-
tion block and with any neighboring information
blocks adjacent thereto; and

thereafter, if said constraints are both satisfied, per-

mitting said determined DC imbalance for said
catenation to stand, but

otherwise setting said determined DC imbalance to

an extreme value so that the associated separation

block will not be selected.

3. A method of encoding a binary digital signal ac-
cording to claim 1, wherein each said stream is formed
of a sequence of p successive channel blocks, and said
- method further includes inserting a block of synchroni-
zation bits between the pth channel block of one such
sequence and the first channel block of the subsequent
sequence.

4. A method of encoding a binary digital signal ac-
cording to claim 3, wherein said synchronization block
1s formed of at least two successive subblocks of nj
synchronization information bits, and a synchronization
separation block of n4 bits.

5. A method of encoding a binary digital SIgnal ac-
cording to claim 4, wherein said synchronization sepa-
ration block is formed by determining the total DC
imbalance, for each of a plurality of possible synchroni-
zation separation blocks, of said separation block, said
synchronization subblocks, and any previously-formed
channel blocks in said stream, and selecting the syn-
chronization separation block yielding the least total
imbalance.

6. A method of encoding a binary digital signal ac-
cording to claim 4, wherein each said sequence of sub-
blocks of synchronization bits is selected so as to be
distinguishable from any series of bits within the stream
of channel blocks, while satisfying said k-constraint and
sald d-constraint.

7. A method of encoding a binary digital signal ac-
cording to claim 6, wherein said subblocks of synchro-
nization bits each includes a bit of said one type fol-
lowed by s bits of said other type.

8. A method of encoding a binary digital signal ac-
cording to claim 7, wherein s=k.

9. A method of encoding a binary digital signal ac-
cording to claim 1, wherein said stream comprises
groups of four channel blocks, with three of the four
blocks having associated therewith a separation block
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of ny bits and the fourth thereof having associated there-
with a separation block of ny’ bits, with n;" > ns.

10. A method of encoding a binary digital signal
according to claim 9, wherein m=8, n; =14, no=2, and
ny =~. |

11. A method of encoding a binary digital signal
according to claim 1, wherein m=8, n;=14, and the
predetermined number of bits in said separation blocks
1s 3.

12. A decoder for decoding an encoded digital signal
which is formed of a sequence of channel blocks each
formed of an information block of n; serial bits followed
by a separation block of a predetermined number of bits,
where each information block represents a word of m
bits, with n;>m, wherein in a stream of such channel
blocks, d-constraint 1s satisfied such that consecutive
bits of one type characterized by a transition are sepa-
rated by at least d bits of another type characterized by
an absence of a transition, and a k-constraint is satisfied
such that no more than a maxiaum of k bits of the other
type occur between successive bits of the one type, and
in which a synchronizing block is included formed of a
pattern of bits satisfying both said k-constraint and said
d-constraint and which is distinctive from any pattern
of bit occurring in the sequence of channel blocks; com-
prising |

detecting means for detecting said synchronizing

blocks;

separating means for separating the n; bits of the

information block from the separation block in
each said channel block;

means controlling the timing of the separating means

in response to the detection of said synchronizing
block; and
- converting means for converting each information
block of ny bits into a word of m bits including a
battery of AND gates, each having an output and
one or more inputs to receive the bits from at least
one predetermined bit position of the information
block, such bits being applied in parallel thereto, a
battery of OR gates each having an output and one
or more inputs coupled to respective outputs of
selected ones of said AND gates, and output means
coupled to the outputs of said OR gates to provide,
in parallel, said m bits of the decoded digital signal,
said output means including at least one further
logic gate having an output, at least one input cou-
pled to the output of one of said AND gates and at
least one input coupled to the output of at least one
of said OR gates.

13. A data conversion circuit comprising a decoder
for decoding an encoded digital signal which is formed
of a sequence of channel blocks each formed of an infor-
mation block of ni serial bits followed by a separation
block of a predetermined number of bits, where each
informatton block represents a word of m bits, with ny
greater than m, wherein in a stream of such channel
blocks, a d-constraint s satisfied such that consecutive
bits of one type characterized by a transition are sepa-
rated by at least d bits of another type characterized by
an absence of a transition, and a k-constraint is satisfied
such that no more than a maximum of k bits of the other
type occur between successive bits of the one type, and
in which a synchronizing block is included formed of a
pattern of bits satisfying both said k-constraint and said
d-constraint and which is distinctive from any pattern
of bits occurring in the sequence of channel blocks;
comprising:
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detecting means for detecting said synchronizing
blocks;

separating means for separating the n; bits of the
information block from the separation block in
each said channel block;

means controlling the timing of the separating means
In response to the detection of said synchronizing
block; and

converting means for converting each information
block of n) bits into a word of m bits including a
battery of AND gates, each having an output and
one or more inputs to receive the bits from at least
one predetermined bit position of the information
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block, such bits being applied in parallel thereto, a
battery of OR gates each having an output and one
or more Inputs coupled to respective outputs of
selected ones of said AND gates, and output means
coupled to the outputs of said OR gates to provide,
in parallel, said m bits of the decoded digital signal,
said output means including at least one further
logic gate having an output, at least one Input cou-
pled to the output of one of said AND gates and at

least one input coupled to the output of at least one
of said OR gates.

%* * 3k * %k
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